How chemical pressure affects the fundamental properties of rare-earth pnictides: an ARPES view 
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Angle-resolved photoelectron spectroscopy, supplemented by theoretical calculations has been applied to 
study the electronic structure of heavy-fermion material CeFePO, a homologue to the Fe-based high-temperature 
superconductors, and CeFeAso.7Po.3O , where the applied chemical pressure results in a ferromagnetic order 
of the 4/ moments. A comparative analysis reveals characteristic differences in the Fe-derived band struc- 
ture for these materials, implying a rather different hybridization of valence electrons to the localized 4/ or- 
bitals. In particular, our results suggest that the ferromagnetism of Ce moments in CeFeAso.7Po.3O is mediated 
mainly by Fe 3d a;z /j /z orbitals, while the Kondo screening in CeFePO is instead due to a strong interaction of Fe 
3d 3z 2_ r 2orbitals. 

PACS numbers: 71.27.+a, 79.60.-i, 74.25.Jb 



Rare-earth pnictides of the form REFePnO (RE: Rare 
Earth, Pn: As or P) have attracted considerable interest in 
the last few years due to the competition between magnetic 
and superconducting (SC) properties. Both are closely re- 
lated to the unique topology of their Fermi surfaces. Hole and 
electron-like sheets around the T and AI points, respectively, 
enable the adjustment of nesting conditions by charge carrier 
doping HhSI]. At the same time, chemical pressure induced 
through the substitution of P by As allows to manipulate the 
band structure near the Fermi level 

In Ce-based iron pnictides, 4/ related excitations emerge 
directly at Ep, independent of any doping, and strongly in- 
fluence the phenomenology. But while the 4/ interaction 
competes with SC in the heavy-fermion (HF) system CeFePO 

|a] there seems to be no remarkable influence of 4/ hy- 
bridization on the ground state properties in the isoelectronic 
compound CeFeAsO [3]. Several recent publications aim 
to figure out the correlation between SC, magnetism and 
/ — d hybridization by a systematic variation of the lat- 
ter. In Ce-based systems external pressure is supposed to 
increase / — d hybridization due to the decreasing lattice 
constant. In CeFePO this leads to a stabilization of the HF 
ground state J3l, while in CeFeAsOo.9 the SC at ambient 
pressure gets suppressed at a pressure of ~ 5 GPa, likely be- 
cause the Ce valence exceeds some critical value |H]. Simi- 
lar to applying external pressure, chemical pressure induced 
by P-As substitution can be used to modify the lattice con- 
stants in CeFeAsi-^P^O Jgt]. This leads to suppression of 
the HF state and the onset of ferromagnetic order of the 4/ 
moments at £=0.95 JjJ. For x < 0.3 Ce-order switches 
from ferromagnetic to antiferromagnetic, along with the on- 
set of a spin-density wave (SDW) ordering of the Fe spins. 
For the analogue EuFe2As2- x P x series a similar phase di- 



agram can be drawn [1 1 Otl but SC is found in coexistence 
with antiferromagnetic ordering of the RE moments. In Ce 
based compounds this kind of behavior was reported for the 
doped series CeFeAsi„ x P x Oo.95Fnn5 III ill , but recently also 
in CeFeAsi-^P^O single crystals 111 211 . 

For all these series a reduced / — d hybridization is ex- 
pected due to the increasing lattice constants with increasing 
arsenide content. But at the same time local density approx- 
imation (LDA) studies of LaFePi-^As^O 01 show that the 
band structure close to Ep is also strongly modified: Bands 
that are derived from the Fe 3d 3z 2_ r 2 orbitals were found to 
be shifted to higher binding energy. On the other hand it had 
been shown in Ref. |@], that in particular these bands strongly 
interact with 4/ states close to Ep. However, this interaction 
is supposed to be effective, only as long as these states remain 
close to Ep. In fact HF behavior is suppressed, when Ep is 
lifted by F doping ll 111 . 



It is the aim of the present study to investigate the relation 
between details of the band structure and the strength of the 
f — d hybridization in oxypnictides. To this end the results 
of angle-resolved photoelectron spectroscopy (ARPES) on 
the heavy-fermion compound CeFePO, previously reported in 
Ref. 0], are compared to the data of CeFeAso.7Po.3O, where 
the applied chemical pressure results in a ferromagnetic or- 
der of the 4/ moments, but maintaining the system close to 
an antiferromagnetic phase transition. The lattice constants of 
CeFeAso.7Po.3O are increased relative to CeFePO by 2.4 % 
perpendicular to and by 1 .5 % within the Fe plane and a re- 
duced spatial overlap of the / and d orbitals and thus reduced 
hybridization is expected. It is shown, however, that the en- 
ergy shift of Fe 3d 3z 2_ r 2 related bands has a much stronger 
influence on the phenomenology of these compounds. Based 
on the present results a mechanism is proposed that traces 
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FIG. 1: (Color online) Overview of ARPES results at h^=121 eV 
along the f -^direction of a) CeFeAso.7Po.3O at VP and b) CeFePO 
at HP [6]. Dashed lines indicate EDCs that are presented in Fig. 2. 
Insets in a) and b) show schematic drawings of the band structure, 
extracted from the experimental data. 



back the transition from Kondo screening to 4/ ferromag- 
netism to the competing interaction of the Ce 4/ orbitals with 
Fe 3d 3z 2_ r 2 and 3d xz / yz related bands, respectively. 

The photoemission experiments were performed at the l 3 - 
ARPES setup at BESSY as described in Ref. lll3ll . at temper- 
atures around 10K, on single crystals grown from Sn flux as 
specified in Ref. lfl4h . The analysis of ARPES data throughout 
this paper leans on results previously published for CeFePO 
JfJ. Horizontally and vertically polarized (HP, VP) light 
and photon energies of hv=\\2eV (Fano antiresonance) and 
121 eV (Fano resonance) are used to determine the symmetry 
of and 4/ contributions to the electron bands, respectively. 

To give an overview of the electronic structure and the 
Ce 4/ contribution to the valence band the most significant 
ARPES data of CeFeAso.7Po.3O and CeFePO are presented 
in Fig. Q]a) and b). Both parts of the figure show data that 
are obtained at hv=\2\ eV, where 4/ emissions are enhanced 
due to the Ad — >Af Fano resonance. Fig. Q]only shows the 
measurement for that polarization of incident light, where the 
strongest / contribution to the valence band of the respective 
compound were found: VP for CeFeAso.7Po.3O and HP for 
CeFePO, respectively. 

The different dependence on polarization already points to 
a different symmetry character of valence band states that are 
involved in / — d interaction and will be discussed later in 
more detail. In order to emphasize the rather weak / con- 
tributions in the spectra of CeFeAso.7Po.3O, the background 
signal had to be partly removed in this representation. A de- 



tailed discussion of the as-measured data at both polarizations 
is given later on for the energy distribution curves (EDCs) in- 
dicated by the dashed lines in Fig. 1. 

As illustrated in the inset in Fig.Q]a) the valence band struc- 
ture of CeFeAso.7Po.3O close to Ep comprises two bands, 
named A and B. In addition two further / related flat struc- 
tures named F\ and F2 occur in the close vicinity of the Fermi 
level. The intensity of structure F\ vanishes close to those val- 
ues of fci 1 where band A crosses the Fermi level, while the in- 
tensity of the latter increases strongly [white arrows in Fig.Q] 
a)]. These maxima, that indicate a 4/ contribution to band 
A due to the interaction with the 4/-derived structure F\ are 
only observed at VP. This is in contrast to the observations 
made in Ref. 01 on CeFePO. As displayed in Fig. Q]b) the 
strongest / contribution can be found in CeFePO to a band 
below the Fermi level, named C, that was ascribed in Ref. |0] 
to be formed by mainly Fe 3d 3z 2_ r 2 orbitals. At VP this emis- 
sion vanishes nearly completely. Further / contributions can 
be found to band A2 that is, like band A\, supposed to be 
mainly composed of the Fe 3d xz / yz orbitals. Similar to the 
ARPES data of CeFeAso.7Po.3O a /-related structure F oc- 
curs running closely parallel to the Fermi level. 

The different polarization dependence of the 4/ emission 
in both compounds points to a different symmetry character 
of the valence band states, that interact with the / level. The 
labels of the bands in Fig. Q] already anticipate an assignment 
of the bands observed in CeFePO and CeFeAso.7Po.3O, that 
shall now be further justified by a detailed comparison of the 
as-measured data. Fig. |2]compares the EDC at those fen vec- 
tors that had been indicated by dashed lines in Fig. Q] In each 
of the displayed panels, the data are shown for HP [I) 121 eV, 
II) 112eV] as well as for VP [ III) 121 eV, IV) 112eV]. The 
4/ emission for the specific polarization can be inferred from 
the difference between the EDC at the two photon energies. 

The topmost panels in Fig. [2] show the EDCs exactly at f , 
where actually the most relevant difference is found between 
the both compounds. A peak at 0.1 eV binding energy (BE), 
corresponds to band C in CeFePO. It gains intensity at res- 
onant photon energy upon excitation with HP. From this be- 
havior its origin from the Fe 3d 3z 2_ r 2 orbitals, strongly hy- 
bridized with / states has been concluded in Ref. jg]. In 
CeFeAso.7Po.3O on the other hand no such strong peak is ob- 
served. At h^=121 eV and VP a peak at 0.05 eV and a shoul- 
der at 0.15eV BE are found. The energy of the former one 
coincides with the BE of the structure F2, but evidence for an 
interaction of this feature with the parabolic valence band B 
as would be reflected e.g. by an increased intensity is not ob- 
served. Switching to HP both peaks are superimposed by an 
intense background signal. 

Panels in the middle of Fig.|2]show the polarization depen- 
dence of bands A\, A2 and A. According to Ref. JfJ they are 
mainly derived from Fe 3d xz / yz orbitals. For CeFePO a cut 
at the Fermi level crossing of band A\ has been chosen. Band 
A2 is reflected by the peak at around 0.07 eV BE. Emission 
from both electron bands are enhanced at resonance, but with 
opposite polarization dependence. Band A2 is stronger at HP, 



3 



CeFePO 


CeFeAs 07 P 03 O 


Q HP, hv=121 eV 

II HP, hv=112eV 


® VP, hv=121 eV 

® - ■ VP, hv=112 eV 




— CD ® 


A @ 
J V 














I I I I I I 






0.2 0.1 E F 


0.2 0.1 E F 


Binding Energy (eV) 


Binding Energy (eV) 



FIG. 2: (Color online) Comparison of the EDC along several cuts 
of the Brillouin zone. Arabic numbers refer to the dashed lines in 
Fig-El Top: EDC at T, middle: Fermi level crossing of band A and 
Ai respectively and bottom: cut through the peak along the Fermi 
level. 



pointing to some admixture of d 3z 2_ r 2 orbitals. Mixing of 
dxz/yz w i m d 3z 2_ r 2 orbitals is particularly expected for the 
crystal surface. Since the d 3z 2_ r 2 orbitals are not observed 
close to the Fermi level in CeFeAso.7Po.3O, a band similar to 
A2 is not found there. A sizable / contribution to bands A\ of 
CeFePO and A of CeFeAso.7Po.3O, respectively, can only be 
observed at VP. This means that band A\ in CeFePO and band 
A in CeFeAso.7Po.3O are derived from the same orbitals. 

Panels in the bottom of Fig. [2] finally compare cuts through 
the /-derived Fermi level features of both compounds. In 
CeFePO a clearly visible peak develops at both polarizations. 
In CeFeAso.7Po.3O instead two comparably weak structures 
on top of the background are observed. Indeed, the decreased 
f — d hybridization in the As doped compound suggests much 
less intensity of the Fermi level peak in CeFeAso.7Po.3O than 
in CeFePO (see e.g. Ref. M15I0 . Moreover the emissions 
nearly vanish in CeFeAso.7Po.3O at HP but are slightly en- 
hanced at VP. Thus, it roughly resembles the behavior of band 
A. The binding energy of the structure F2 at around 0.06 eV 
is close to the crystal field splitting of 4/ levels in CeFeAsO, 
as reported in Ref. lfl6ll . In CeFePO the Fermi level peak is 
strong at both polarizations and a shoulder around 0.04 eV in- 
dicates also the existence of a satellite structure at, however, 
lower BE than observed in CeFeAso.7Po.3O. 

From the results of the ARPES experiments as described 
above one can conclude that in both compounds the hybridiza- 
tion with localized 4/ orbitals relies on two kinds of va- 
lence band states, namely those derived from Fe 3d 3z 2_ r 2 and 
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FIG. 3: (Color online) a) / spectral function of a model band struc- 
ture roughly reflecting the behavior of band A, solved with DMFT 
method, b) magnetization of CeFePO as a function of the applied 
field perpendicular to the iron plane. 



2>d xz / yz orbitals, respectively. ARPES data of CeFePO 
indicate strong / contribution to a valence band of Fe 
d 3z 2_ r 2 character and comparably weak contribution to a 
band of Fe d xz / yz character. In CeFeAso.7Po.3O only a con- 
tribution to the c? a;z / 1)Z -derived band could be observed. This 
behavior can be interpreted on the basis of LDA calculations 
in Ref. |4j]: with increasing distance of pnictide atoms from 
the iron layer, bands of d 3z 2_ r 2 character shift to higher BE. 
As a result, the interaction with the 4/ derived peak at Ep is 
expected to become less effective as it is actually observed in 
CeFeAso.7Po.3O. 

In order to gain theoretical insight into the delicate inter- 
play between 4/ and 3d states in CeFePO, a simple approach 
has been proposed in Ref. @], based on the periodic Anderson 
model (PAM). There, it was solved by dynamical mean field 
theory (DMFT) with the non-crossing approximation (NCA) 
as impurity solver. This model comprised only one single va- 
lence band that is to be hybridized with the 4/ state, and in- 
deed was able to reproduce the characteristic behavior of band 
C and the Fermi level peak F in Fig. [TJ b). In the follow- 
ing we show that the same model is also suitable to describe 
the behavior of band A in CeFeAso.7Po.3O and band A\ in 
CeFePO, too. To this end the width of the valence band was 
increased to VK=1.8eV, its center shifted by 0.1 eV to lower 
BE (ed=0.6eV) and the f — d hybridization strength set to 
tti/=0.25eV, while Coulomb repulsion J7//=7eV, and the en- 
ergy of the bare / level e/=2 eV BE remained constant. 

The resulting 4/ spectral function is shown in Fig. [3] It 
comprises one non-dispersing peak along the Fermi level that 
develops due to / — d hybridization and the / contribution to 
the valence band. (A further peak, so-called ionization peak, 
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that occurs close to the binding energy of the bare / level e/ is 
not shown in this plot). At the crossing with the valence band 
the Fermi level peak vanishes, while band A gains strong 4/ 
admixture. As observed in the ARPES data, the maximum / 
contribution occurs at kp [white arrows in Fig. [3] a)], while 
intensity drops toward the f point. It is interesting to note, 
that the hight of this maxima remains by one order of mag- 
nitude smaller than in the scenario for CeFePO, reported in 
Ref. JjJ. In contrast to the theoretical prediction, the experi- 
mentally observed intensity of feature Fi vanishes around the 
r point, while that of Fi remains almost constant. Since crys- 
tal field splittings are not included in the model calculation, 
one should regard the theoretically obtained 4/ peak as a su- 
perposition of both features F\ and F 2 . 

Altogether this means, that despite its simplicity, the pro- 
posed approach allows for a qualitative description of the dif- 



ferent behavior of the d 



3z 2 - 



2 and d 



xz/yz 



bands in CeFePO. 



Even though quantitatively exact results might not be ex- 
pected, the NCA seems to allow for further improvements in 
existing LDA plus DMFT methods, which so far had not been 
able to describe the experimentally observed Fermi level peak 
fnll . Note, that in the limit oo the non-dispersive part 

of the Fermi level peak disappears and only the /-contribution 
at the Ep crossings, kp, remain visible reproducing results 
obtained with a simple approach to PAM for the same limit 
1 18D . In the following we proceed with a qualitative discussion 
of the relation between band structure and magnetic behavior 
in CeFeAs 1 _ 2 .P 2 .0. 

A widely used description of magnetic coupling between 
localized moments utilizes the Ruderman-Kittel-Kasuya- 
Yosida (RKKY) mechanism lfl9tl . Within this model the mag- 
netic coupling between localized moments is mediated by 
valence band states, hybridized with the 4/ orbitals. Since 
such a hybridization is found in CeFeAso.7Po.3O for band 
A\, RKKY mediated ferromagnetism appears possible. How- 
ever, a similar interaction for band A in CeFePO gives also 
reason for ferromagnetic coupling. Indeed at least ferromag- 
netic fluctuations had been stated in polycrystalline samples of 
CeFePO JH . In order to find hints for a ferromagnetic inter- 
action in the single crystalline samples the magnetization as a 
function of the applied field has been measured in the present 
study for several temperatures well below the Kondo tempera- 
ture of about 10 K. The magnetization as a function of the field 
perpendicular to the Fe plane is shown in Fig.[3]b). At temper- 
atures of 1 .0 and 2.0 K no hysteresis occurs within experimen- 
tal accuracy. But at 0.5 K a spontaneous magnetic moment in 
the range of 10 _3 /j,b is found. Recent muon-spin relaxation 
experiments on CeFePO down to T=20 mK revealed static, 
short-range, bulk magnetic order of the Ce-ions, in strong sup- 
port of our findings. A more detailed discussion of the spin 
relaxation results will be reported elsewhere 112011 . 

Thus, one can anticipate, that in both compounds the same 
magnetic interaction, even though with different strength, 
should exist. It is mediated presumably by d xz / yz orbitals, 
which form band A in CeFeAso.7Po.3O and band A\ in 
CeFePO, respectively. However, in the latter case the strength 



of the magnetic interaction strongly reduced, due to the com- 
petition between RKKY mediated magnetism and the Kondo- 
screening of the local moments, that is usually treated in terms 
of the dependence of characteristic temperatures on hybridiza- 
tion strength 12111 . The exponential dependence of the Kondo 
temperature favors the paramagnetic heavy-fermion ground 
state as hybridization increases. Since the lattice constant is 
reduced in CeFePO, increased overlap and thus stronger hy- 
bridization is expected for d xz / yz orbitals. However, the en- 
ergy shift of the c? 3z 2_ r 2 band towards to Ep, that incorpo- 
rates a further strong interaction is supposed to be much more 
important. Thus, the hybridization of these orbitals might be 
responsible for the formation of heavy fermions in CeFePO, 
while the interaction of d xz / yz orbitals (band A\) gives rise 
to the ferromagnetic interaction, although with much reduced 
strength. 

If the As content is further increased the ferromagnetic or- 
der of the 4/ moments changes to an antiferromagnetic one. 
Thus one could argue an intricate relation to SDW ordering of 
Fe spins in CeFeAsi-^P^O, which is accompanied by the for- 
mation of an energy gap, when electronic states belonging to 
different sheets of the Fermi surface are linked by nesting con- 
ditions [220- Such a SDW transition was mapped by ARPES 
for SrFe2P2 in Ref. [23] which shows that it is accompanied 
by energy lowering of bands around the T point. If band A 
in CeFeAsi-zPzO was also involved in such an interaction 
(for x < 0.3) the proposed ferromagnetic RKKY mechanism 
could be changed to an antiferromagnetic one. However, it 
was shown that for x=Q, internal fields of the Fe-magnetism 
competes with the RKKY interaction between the 4/ mo- 
ments 1 15 , 24 , 25l] , leading probably to a much more complex 
interplay between 4/ and 3d physics. 

Notwithstanding, in CeFeAs1_2P2O0.95F0.05 as well as in 
EuFe2As2_a:Pa: the transition from ferromagnetic to antifer- 
romagnetic order of rare earth spins is accompanied by on- 
setting SC instead of SDW. The latter suggests, that at least 
in these compounds the magnetic transition is triggered by 
further changes of the band structure due to chemical pres- 
sure as it is also stated in Ref. JToll . This could mean, that 
SC can only exist if hybridization of d xz / yz orbitals as it was 
discussed throughout this paper is suppressed, stating the rel- 
evance of these orbitals for superconducting interaction. For 
a detailed discussion one needs to take into account the whole 
Fermi surface and not only a single cut as it is done in the 
present case. In particular sheets around the M point might 
also contribute to magnetic coupling. But this is so far not 
resolved experimentally. 

In summary a mechanism for the magnetic transitions in 
CeFeAsi-zP^O, based on the ARPES and model calculation 
results of CeFePO and CeFeAs0.7P0.3O is proposed. The 
bands formed by the Fe 3d iz i_ r 2 orbitals reveal strong hy- 
bridization with / states giving rise to heavy-fermion behav- 
ior. The shift of these orbitals to higher BE as chemical pres- 
sure is applied, circumvent this interaction in favor of much 
weaker hybridization of the d xz / yz orbitals. The latter is ar- 
gued to be responsible for ferromagnetic interaction involving 
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the RKKY mechanism. 
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